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Relationship between Chemical Composition and Mg Temperature
in High-Entropy Shape Memory Alloys

L. Peltier' - F. Meraghni’ - S. Berveiller' + P. Lohmuller® - P. Laheurte®

Abstract Five high entropy alloys with shape memory
effect or superelastic effect were prepared by cold crucible
melting to understand the effect of their chemical compo-
sition on the transformation temperatures. The
microstructure and phases of the alloys at room tempera-
ture were investigated by optical and scanning electron
microscopy. The calorimetric study of these alloys is
employed to analyze the reversible transformation from
austenite to martensite and to determine the transformation
temperatures of the five alloys. The paper presents the
results of several published works relating the transfor-
mation temperatures of high entropy shape memory alloys
(HE-SMA). An experimental database has been built up to
understand the influence of the different alloying elements
and their related concentrations on the transformation
temperature Mg (Martensite Start) of the HE-SMAs. An
equation is identified using the database to predict the
transformation temperature Mg of a high entropy shape
memory alloy as a function of its weighted chemical
composition, which exhibits a metallurgical solutioned
treatment (ST) state and a specific mixing entropy (ASmix/
R) range.
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Introduction

The alloy composition has been used as the most important
parameter to determine approximatively the transformation
temperature of shape memory alloys (SMAs) [1-4]. Sev-
eral empirical equations have been proposed to rely on the
chemical composition to the Mg temperature. However,
differences in transformation temperature in an identical
composition can be observed [5] and [6] or for alloys with
composition ranges out of bounds from those used to for-
mulate the equations. Indeed, transformation temperatures
can be modified by heat treatments [7], microstructure [8]
and work hardening rate [9]. Because of the interaction of
multiple factors and processing conditions, it is necessary
to analyze the dependence of the transformation tempera-
tures on the alloying composition. It is useful to get a first
accurate approximation of the transformation temperature
ranges as a function of the chemical composition when
designing an alloy towards its improvement, especially for
the multicomponent system. The purpose of this study is to
understand the effect of the alloying elements of HE-SMAs
on their martensite transformation temperature and to
establish a relationship between them that can provide an
accurate prediction prior to the stage of the alloy manu-
facturing. Most of the alloys studied in this work are in the
same homogenized metallurgical state (Solutioned Treat-
ment or ST).

Experimental Procedure and Database Set-Up

Eighteen HE-SMAs alloys studied in the literature were
analyzed in terms of M temperature to build an experi-
mental database from published work or previous works of
the authors. Five alloys are obtained using a cold crucible
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Table 1 Experimental database providing chemical compositions of the studied alloys (at. % and wt. %) and the corresponding M, temperature

determined by DSC

Authors Composition at. % Composition wt. % Ms

Ti Hf Zr Nb Ta Fe Co Al Cu Pd Ni|Ti Hf Zr Nb Ta Fe Co Al Cu Pd Ni|()

Abuzaid 2018 [24]| 2.50 42.50 15.00 10.00 30.00 2.21 43.89 16.35 4.99 32.56| -80
Canadinc 2019 [14] |16.67 16.67 16.67 25.00 25.00| 8.50 31.60 16.10 28.20 15.60| 525
Chang 2019 [32] |16.67 16.67 16.67 5.00 45.00| 9.67 36.05 18.43 3.85 32.00] 350
Chang 2019 [32] |16.67 16.67 16.67 15.00 35.00| 9.61 35.84 18.32 11.48 24.75| 245
Chang 2019 [32] |16.67 16.67 16.67 25.00 25.00] 9.56 35.63 18.21 19.03 17.57| 175
Chen 2019 [31] |16.67 16.67 16.67 10.00 15.00 25.00| 9.50 35.50 18.33 7.30 11.70 17.70| 100
Chumlyakov 2020 [23] | 2.50 41.00 17.00 11.50 28.00| 2.23 42.68 18.67 5.78 30.63| -100
Li 2019 [16] |25.00 15.00 10.00 25.00 25.00]15.50 34.10 12,00 19.60 18.80] -70
Peltier 2020 [13] |16.00 19.00 15.00 23.00 27.00| 8.90 39.60 16.00 17.00 18.50] 200
Peltier 2021 [19] |30.00 19.00 25.00 13.00 13.00 13.50 31.80 21.40 11.30 22.00 -17
Niso6Tiss.e-like Present work |21.83 11.45 16.17 31.44 19.11]13.60 26.60 19.20 26.00 14.60| -110
NisoTiso-like  Present work | 16.67 16.67 16.67 7.50 17.50 25.00| 9.60 35.81 18.30 5.31 13.36 17.63| 198
Tiz7Nbas-like  Present work | 25.00 19.00 33.00 17.00 6.00 11.70 33.00 29.33 15.49 10.50 100
Wang 2019 [15] |50.00 15.00 20.00 5.00 10.00 31.40 35.10 22.00 7.90 3.60 600
Yaacoub 2020 [5] |16.67 16.67 16.67 10.00 15.00 25.00] 9.60 35.80 18.30 7.10 11.50 17.70| 157
Zhang 2019 [21] 2.00 44.00 16.50 10.00 27.50 3.40 44.70 17.70 4.90 29.30] =100

The database consists of experimental results of 16 HE-SMAs: 11 alloys from the open literature, 2 from previous works by the authors and 3

alloys specifically cast for this study

to complete this work and validate the equation expressing
the M; temperature of HE-SMAs as a function of their
chemical compositions. Among the five alloys specifically
manufactured for this study only three have been utilized to
enrich the database presented in Table 1. These three HE-
SMAs are: NisgTi494-like alloy, NisgTisp-like alloy and
Ti;7Nb,s-like alloy and referred to as Present Work in
Table 1.

It is worth mentioning that the compositions of prepared
alloys are determined using a scanning electron microscope
(SEM) by energy-dispersive X-ray spectrometry technique
(EDX) as shown in Fig. la, b and c. Furthermore, phase
transformation temperatures are studied using the differ-
ential scanning calorimetry technique (DSC) in Fig. 2. The
transformation temperatures between the martensite and
the austenite (Mg, My, A and Ayg) are determined using
dedicated software. Samples of the alloys produced for the
study have a mass of around 40 mg according to ASTM
[10]. To ensure the ST state of the prepared DSC samples
previously obtained by cutting, a specific heat treatment
has been performed under Argon gaseous protection at
1000 °C for 30 min, then 900 °C for 10 min and finally
quenched in water at room temperature according to
ASTM F2004. This heat treatment has been achieved
within a homemade device developed specifically for small
DSC samples ensuring hence their ST state. Chemical
compositions and representative microstructures of Nisgg.
Tigo 4-like alloy, NisoTiso-like alloy and Ti;;Nbys-like (at.
%). produced alloys are presented in Fig. 1. The choice of
these three alloys is motivated by the large range of their
M; temperatures contrasting between -100 °C and 200 °C,
as shown in their respective thermograms in Fig. 2.

The M, temperatures of the other studied HE-SMAs are
summarized in Table 1. It is important to emphasize that
the whole HE-SMAs presented in the database have dif-
ferent types and different chemical compositions: NiTi-like
[5, 11-18], TiNb-like [19], NiAl-like [20, 21], CuAl-like
[22] and FeAl-like [23, 24]. In addition, it should be noted
that all the alloys selected to enrich the database, either
specifically developed for the study or taken from the open
literature, are in the same metallurgical state (Solution
Treatment or ST).

Results and Discussion

As early as the 1970s, Ahlers et al. [1] proposed an
empirical equation linking the chemical composition to the
transformation temperature of a ternary CuZnAl alloy. This
linear function is the result of data extracted from 25 dif-
ferent alloys. Belkala et al. did the same for a CuAlBe
system [25, 26], Recarte et al. for a CuAINi system [27].
More recently, Frentzel et al. has studied the effect of Ni
content (at. %) in the TiNi binary system [4]. Kim and
Miyazaki have been interested in determining the M of
TiNb alloys [3]. Over the past fifty years, the SMAs family
has expanded, notably with the SMAs with high entropy
branch (HE-SMAs). It is worth emphasizing that this paper
aims at proposing and validating a relationship linking the
chemical composition with the My temperature of this new
class of alloys, namely the HE-SMAs. Piorunek et al. [17]
have already provided a similar relationship for calculating
the M, temperature of HE-SMAs. They compared the
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Fig. 1 SEM and EDX analyses ;
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results with the various studies of Frentzel et al. [4] on
binary TiNi alloys.

In the present paper, a relationship has been identified
using the database of the alloys presented in Table 1. The
latter has been built by considering several metallurgical
features of the HE-SMAs alloys. The first aspect deals with
the metallurgical state. Indeed, all the HE-SMAs studied
are in the solution treated (ST) homogenized state. So, each
composition is unique and results in a single transformation

temperature My in the database. The published works by
Piorunek et al. [11, 17] show indeed that for the same
composition, the M transformation temperature evolves
according to the stages of solution treatment of the inter-
metallics. It should be pointed out in this paper all the
studied alloys are assumed to be homogenized and the
contribution of the intermetallics is neglected since it does
not exceed 5% as stated in our previous work [28]. The
second aspect is related to the specific mixing entropy
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(ASmix/R), ranging between 1.3 and 1.75, where R is the
gas constant [29, 30]. In fact, Piorunek et al. [11] shows
that for the same NiTi-like composition, there are differ-
ences between the My temperatures of low entropy binary
alloys and the quinary or even the senary alloys with high
entropy. These differences between the Mg temperatures
confirm that one cannot use the same equation for calcu-
lating the M temperatures of the NiTi-like compositions
since the M depends on the number of the constitutive
elements and their related ponderation in terms of weight
concentrations, which corresponds to the criterion of the
mixing entropy (ASmix/R). However, it must be pointed
out that the metallurgical states of the NiTi-like alloys
produced by Piorunek et al. [17] have not been homoge-
nized ST state and consequently they are not reported in
Table 1. Besides, several other papers investigated alloys
whose compositions were identical, but they do not have
the same temperatures Ms. In fact, for example,
(TiH{Zr)5oNiy5Co1oCuys was studied by Firstov et al. [6]
with a M temperature of 155 °C since it was not in a
homogenized ST state whereas Chen et al. [31] as well
Yaacoub et al. [5] investigated the same alloy in homog-
enized ST state and found respectively a M temperature of
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36 °C and of 13 °C, which are comparable. The alloy
(TiHfZr)50(NiCu)sy was studied by Chang et al. [32]
finding that its M, temperature was 197 °C but Firstov
et al. [12] found for the same quinary alloy in a non-ho-
mogenized state a M temperature of 255 °C. Although
these alloys have the same composition, the differences in
terms of M are related to their metallurgical states. Con-
sequently, only the results regarding the homogenized ST
state of these two alloys have been reported in Table 1 and
considered in the database of the present work.

By considering the alloys that exhibit homogenized ST
states and a specific mixing entropy (ASmix/R) ranging
between 1.3 and 1.75, one can build:

1. A matrix Cj; providing the concentration (wt. %) of an
alloying element (j) in the analyzed alloy (i). Equation (1)
shows the concentration matrix C(16,11) built as a rect-
angular matrix of 16 arrows corresponding to the analyzed
studied alloys: 11 alloys taken from the open literature, 2
from previous works by the authors and 3 alloys cast for
this study (all the references are summarized in Table 1).
The 11 columns of the matrix represent the alloying
elements.



[ Ti Hf Zr Nb Ta  Fe Co Al Cu Pd Ni |
r13.60 26.60 19.20 0 0 0 0 0 26.00 0 14.607
2.23 0 0 0 0 42.68 18.67 5.78 0 0 30.63
0 0 3.40 0 4470 17.70 4.90 0 0 29.30
2.21 0 0 0 43.89 16.35 4.99 0 32.56
15.50 34.10 12.00 0 0 0 0 0 19.60 0 18.80
13.50 31.80 21.40 11.30 22.00 0 0 0 0 0 0
9.50 35.50 18.33 0 0 0 7.30 0 11.70 0 17.70
co 11.70 33.00 29.33 1549 10.50 0 0 0 0 0 0
9.60 35.80 18.30 0 0 0 7.10 0 11.50 0 17.70
9.56 35.63 18.21 0 0 0 0 0 19.03 0 17.57
9.60 35.81 18.30 0 0 0 5.31 0 13.36 0 17.63
8.90 39.60 16.00 0 0 0 0 0 17.00 0 18.50
9.61 35.84 18.32 0 0 0 0 0 1148 0 24.75
9.67 36.05 18.43 0 0 0 0 0 3.85 0 32.00
8.50 31.60 16.10 0 0 0 0 0 0 28.20 15.60
L31.40 35.10 22.00 7.90 0 0 0 3.60 0 0 0
(1)
2. A vector (MSEX”)i consisting of the 16 values of M
temperature (°C) of the studied alloys HEA in homoge- Cijpj = (Mf ) i=1,2,..,16 (3)
nized ST states, which have been determined experimen- j=12,...,11

tally by 13 different authors or in 2 previous papers by the
authors as well as the Mg temperature of the three alloys
investigated in the present work, namely: NisyTiso-like,
Nisg ¢Tig9 4-like, Ti;7Nbos-like (at. %). The MSE"P vector is
given in Eq. 2.
[—110]]
—100
—100
—80
—70
-17
100
100
157
175
198
200
245
350
525
600

MExp —

One can formulate then an overdetermined system of
linear equations as follows:

(p;) j=1,2,...,11 is a vector containing the ponderation
coefficients (°C.(wt. %)-1) of the concentration for the
element (j) that has to be determined (unknowns) by
solving the previous overdetermined system (1). The
Eq. (3) is solved using the pseudo-inverse technique [33]
since the matrix Cj; cannot be inverted. The solution (p;) is
then estimated by solving the following system equation:

Cji - Cyj - pj = Cji - (M), (4)

The Equation system (4) can be written using the matrix
notation as:

el -[e) - {py ="[C) - {M77} (5)
The solution of the Eq. (5) is then:
{p}y = ["1€] - 1] "7Ic] - {mP} (6)

The Eq. (6) provides the vector (p) that is directly
computed using matrix algebra via Matlab® software.

For an alloy, the Eq. (7) expresses then the evolution of
the martensite temperature (M, (°C)) predicted as a
function of its chemical composition (Table 1) considering
the ponderation coefficient (weighted alloying element
composition). It reads:
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(MEI€).(°C) = — 4.634(Ti), + 16.146(Hf ), + 18.480(Zr),
— 46.399(Nb), — 16.120(Ta),

+ 15.775(Fe);— 27.146(Co), + 35.265(Al),

— 24.485(Cu); — 0.904(Pd), — 13.966(Ni), (wt.%)

(7)

Using the ponderation Eq. (7), 16 values of the M,
temperature are estimated and compared to the 16 values of
the MF*P temperatures experimentally determined using
the DSC technique. Figure 3 shows that Eq. (7) provides
estimated values of MY that are close to ME*P (the
correlation coefficient R? equals 0.981).

It is worth noticing that the M temperature calculated
for the three investigated HEAs (NisoTiso-like, Nisg ¢Ti49.4-
like, Ti;7Nbys-like (at. %)) agree well with the experi-
mental values as evidenced in Fig. 3. This agreement
confirms the predictability of the Eq. (7) for NiTi-like and
TiNb-like alloys.

Experimental Validation Using Two
Manufactured NiTi-like HEAs

As a final experimental validation of the proposed equa-
tion, two additional new NiTi-like alloys (Ti;gHf38Zr;7.
Ni19Cu10 and TilGHf3gzr17Ni19CL15C05 (Wt %)) are
fabricated and then investigated in terms of microstructure
ensuring the ST state during homogenization heat treat-
ment, as well as a reversible martensite transformation
using DSC technique. The latter provides the experimental
values of M temperature as shown in Fig. 4.

These two alloys have been chosen according to the
different criteria proposed in [13] and [19]. The two alloys
have been heat-treated to be homogenized and solutioned.

Calculated Ms (°C)

Figure 5a and b report the chemical composition data of
the two new alloys, the high entropy criterion and the
experimental Mg temperatures. These figures show
martensite at room temperature on SEM images respec-
tively in the manufactured NiTi-like alloys. Ti;¢Hf33Zr 7.
Ni]9Cu|0 alloy (Wt %) and TiI(,Hf3gzr]7Ni19CU.5C05 alloy
(wt. %) differ only by the partial replacement of Co by Cu
for the second alloy. The elements Cu and Co have been
chosen because their respective ponderation coefficients in
Eq. (7) are comparable.

The first alloy TigHf33Zr7NijoCuyg (Wt. %) corre-
sponds to Nizg ¢Tigg 4 -like (at. %) whereas the second alloy
TilGHf3gzr17Ni19Cll5C05 (Wt %) Corresponds to Ni40Ti60-
like (at. %).

Knowing the alloying elements of the two new NiTi-like
alloys, their My temperatures have been estimated using
Eq. (7) and compared to the experimentally determined
values. The following comparison table (Table 2) sum-
marizes the results:

The difference between the calculated M temperature
and the experimental one for both HE-SMAs fabricated
alloys (Table 2) is 28 °C and 17 °C, respectively. This
slight discrepancy is partially due to the uncertainties in the
chemical analyses carried out using the SEM investigation
technique instead of the spectrometry technique. In fact, it
is established that a variation of chemical composition can
bring about a deviation in the M. For instance, using
the Eq. (7), one can assess that an uncertainty of 0.2% in
weight of the zirconium (Zr) and the cobalt (Co) produces a
variation of M of about 10 °C of the Ti;¢HfssZr;7.
Ni;oCusCos alloy.



Nizs 6 Tiso.4-like
Elements at.% wt.%
Ti 27.52 16.00
Hf 17.52 38.00
Zr 15.34 17.00
Nb
Ta
Fe
Co
Cu 12.95 10.00
Ni 26.65 19.00
Ti-like 60.40 71.00
Ni-like 39.60 29.00
ASmix/R 1.56
Ms Exp (°C) 315

NisoTiso-like

Elements at. % wt. %
Ti 27.38 16.00
Hf 17.44 38.00
Zr 15.26 17.00
Nb
Ta
Fe
Co 6.95 5.00
Cu 6.45 5.00
Ni 26.52 19.00
Ti-like 60.08 71.00
Ni-like 39.92 29.00
ASmix/R 1.66 ey
Ms Exp (°C) 347 00°  BSD

Fig. 4 DSC analyses of Ni39'6Ti60'4-1ikC (Ti16Hf3ng17Ni19Cu10) and Ni40Ti60-like alloys (Ti16Hf3ng17Ni19Cu5C05)

Conclusion

In this paper, a developed relationship is intended to esti-
mate the martensite transformation temperature (M) of
HE-SMAs as a function of its chemical weighted compo-
sition consisting of the following alloying elements: Al,
Co, Cu, Fe, Hf, Nb, Ni, Pd, Ta, Ti, Zr. The ponderation
coefficients are extracted from a database of experimental
results related to HEAs exhibiting superelastic or shape
memory effects. The developed equation has been formu-
lated for HEAs having a metallurgical ST state and a
specific mixing entropy (ASmix/R) ranging between 1.3
and 1.75. Besides, knowing a target in terms of M; tem-
perature interval, the proposed equation can be employed
to adjust the HE-SMA composition by varying the con-
centration of some alloying elements in relation to their
respective ponderation coefficients.

It must be pointed out that the equivalency elements do
not all have the same influence on the M temperature of
the obtained HEA alloy. Furthermore, it has been demon-
strated that when the Cu is partially replaced by Co in the
TigHf38Zr17Ni;19Cuq alloy, the M temperature estimated
using the proposed equation has been found in the same
range as the M estimated experimentally. One can con-
clude thus that the Co and Cu have almost the same
influence on the transformation temperatures from the
austenite to the martensite phases (My).

The developed approach and the related (M) prediction
equation can be modified and enriched depending on the
interest of the HE-SMAs and the potential other constitu-
tive elements. Indeed, other elements can be added to the
composition of the HEA enriching hence the equation. For
instance, one can consider the ponderation coefficients of
In or Ga but such NiAl-like HE-SMAs have not been



Fig. 5 SEM and XRD analyses 11
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Table 2 Compositions and transformation temperatures of Tije.
Hf3ng17Ni19Cu10 alloy and TilGHf3SZr17Ni19Cu5CO5 aHOy (Wt %)

Composition (wt.%) NiTi-Like M) MEPeC)
(at.%)

Ti](,Hf3SZrl7NilgCul0 Ni39‘6Ti60‘4-hke 343 315

Ti 1 6Hf3 SZrl 7Nl 1 9CU5C05 Ni40Ti60-likC 330 347

extensively studied in the open literature and the related
data in terms of My have been reported only by Gerstein
et al. [20]. It is therefore important to manufacture and
produce more HE-SMAs with a similar metallurgical state
and ASmix/R to enrich the temperature calculation equa-
tion and to extend its applicability for other alloying
elements.
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